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Abstract

By Jessica G. Avalos
University of the Pacific
2022

Marine mammals play an important role in ecosystem stability. However, anthropogenic
activity is compounding pressure on many already vulnerable populations. A potential
consequence of anthropogenic disturbance is physiological stress, which can impact metabolism,
immunity, and reproduction, especially if it occurs repeatedly. Previous studies on marine
mammals have focused on acute stress, but the impacts of repeated stress are poorly understood.
Due to its accessibility on land during haul-outs, the northern elephant seal (Mirounga
angustirostris) is a good system in which to study the effects of stress in marine mammals.
Stress stimulates the release of glucocorticoid hormones, primarily cortisol. Elevated cortisol is
a good indicator of acute stress, but it is an unreliable proxy for chronic stress, and cortisol
measurements alone do not provide information on the downstream physiological consequences
of chronic stress. Therefore, additional biomarkers may provide a more comprehensive
understanding of the effects of repeated stress on marine mammals. I examined two approaches
for assessing stress in response to administration of the hormone that stimulates secretion of
cortisol (adrenocorticotropic hormone; ACTH): a non-targeted proteomics approach using blood
plasma and a targeted gene expression approach examining blubber expression of glucocorticoid
receptor (GR) and two of its regulators, FKBP5 and KLF9. For the first approach, I used the
highly sensitive LC-MS/MS technique to detect changes in circulating plasma proteins in
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juvenile seals in response to repeated ACTH administration. I identified changes in relative
abundance of proteins of interest in the plasma proteome that included those with roles in lipid,
iron, and redox homeostasis, cortisol and thyroid hormone transport, adipogenesis, oxidative
stress, blood pressure regulation, vitamin and mineral transport, and innate immunity. I then
measured blubber expression of GR and its regulator genes in blubber of adult female seals
undergoing early and late molting to examine changes during different life-history stages in
response to acute stress induced by ACTH administration. Using RT-qPCR, I found that GR
expression decreased in blubber, while expression of FKBP5 increased, suggesting negative
feedback at the tissue level which may reduce sensitivity to cortisol during key life-history
stages, such as molting, which require fasting. These data provide insights into the resilience of
marine mammals to acute stress and novel biomarkers that may be used to study the effects of
prolonged stress in wildlife.
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CHAPTER 1: INTRODUCTION

Anthropogenic activity in marine ecosystems is increasing, which is compounding
pressures on marine species. This is concerning because many populations of marine mammals,
which are top ocean predators and play an important role in ecosystem stability (Hazen et al.,
2019), are already threatened and facing extinction (Albouy et al., 2020; Davidson et al., 2012;
Halpern et al., 2015; Springer et al., 2003). They are exposed to multiple stressors, ranging from
natural environmental challenges to increasing anthropogenic stressors (Maxwell et al., 2013).
For example, the U.S. Navy uses Low-Frequency Active Sonar to detect foreign submarines,
which can be harmful to marine mammals including whales, dolphins, seals, and walruses due to
some of these mammals’ reliance on underwater sound for navigation, prey capture, and
communication (Potenza, 2016). Anthropogenic disturbance may also cause physiological
stress, which can impair metabolism, immunity, and reproduction. Obtaining a better
understanding of the physiological effects of anthropogenic disturbance on marine mammals can
provide insights into their vulnerability and resilience and possibly inform future marine
conservation policies (Cooke & O’Connor, 2010; Dantzer et al., 2014; Jessop et al., 2013;
Romero, 2004).
While physiological responses to acute stress have been studied in marine mammals, the
impacts of long-term stress are less well understood (Champagne et al., 2015; Ensminger et al.,
2014; Keogh & Atkinson, 2015; Khudyakov et al., 2017). The downstream effects of chronic
stress on marine mammal physiology, as well as reliable biomarkers to measure it, have not been
extensively studied in free-ranging marine mammals and most other wildlife species (Dickens &
Romero, 2013; Fair & Becker, 2000; McCormley et al., 2018). The mammalian stress response
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is mediated by the hypothalamic-pituitary-adrenal (HPA) axis, which leads to the eventual
release of cortisol, a well-known glucocorticoid stress hormone (Thau et al., 2022). Although
cortisol has been long considered a primary stress hormone, and a good indicator of acute stress,
it has not proven to be a reliable indicator of chronic stress (Deyarmin et al., 2019; McCormley
et al., 2018). Therefore, additional hormones, metabolites, and nonhormonal biomarkers could
provide a more comprehensive understanding of the effects of repeated stress on marine
mammals. For example, recent studies in fish identified a number of new potential nonhormonal biomarkers of stress, including innate immune markers (such as acute-phase proteins,
complement proteins, and blood clotting proteins), apolipoproteins, and serine protease
inhibitors, using a comparative proteomics approach involving mass spectrometry (Raposo de
Magalhães et al., 2020).
I decided to use similar approaches to identify novel stress markers in a model marine
mammal, the northern elephant seal (NES, Mirounga angustirostris). NES are a good model
organism to study the effects of stress in marine mammals because unlike fully aquatic species,
they are accessible on land during their long haul-out seasons for breeding and molting. Years of
previous work in NES have established protocols for animal experimentation and sampling under
anesthesia, including stress challenges using adrenocorticotropic hormone (ACTH) (Champagne
et al., 2015; Ensminger et al., 2014; Khudyakov et al., 2017; McCormley et al., 2018). A
previous study in our laboratory used repeated ACTH administration to simulate chronic stress in
NES and described the hormone response to this experiment (McCormley et al., 2018). In
addition, the blubber transcriptome and proteome responses to this repeated ACTH
administration experiment have been published (Deyarmin et al., 2020; Deyarmin et al., 2019).
However, few biomarkers were identified in blubber, suggesting the need for additional
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indicators, perhaps in a different tissue. Recent work found that the NES plasma proteome was
more responsive to prolonged fasting than either blubber or muscle (Khudyakov et al., 2022).
Therefore, the plasma proteome may be a better systemic indicator of repeated stress than
blubber, as it reflects the activity of many tissues including those that cannot be easily sampled
from wild seals, such as the liver.
In addition to understanding and measuring acute and repeated stress responses, it is
important to determine animals’ sensitivity to stress during various life history stages (i.e., stress
resilience). Measuring markers of negative feedback during stress responses may provide
information about stress resilience and flexibility. For example, changes in tissue sensitivity to
cortisol may be reflected by changes in expression of positive and negative regulators of
glucocorticoid receptor (GR) activity. GR is a nuclear hormone receptor that exerts its effects by
altering expression of target genes. The FKBP prolyl isomerase 5 (FKBP5) protein-coding gene,
which is upregulated by GR, may act as a negative regulator of GR activity by preventing GR’s
entry into the nucleus, therefore moderating the downstream effects of cortisol (Zimmer et al.,
2020). On the other hand, Krüppel-like factor 9 (KLF9) may be a positive regulator of GR
activity (Gans et al., 2021). Upregulation of FKBP5 and downregulation of KLF9 in response to
stress may suggest reduced sensitivity to stress, and potentially higher stress resilience. Taking
these GR regulators into consideration can aid in determining stress resilience, which can inform
conservation decisions about protection of wildlife populations from anthropogenic disturbance
during especially vulnerable life history stages.
The overall objective of this project was to obtain a more comprehensive understanding
of the effects of physiological stress in marine mammals by profiling changes in the plasma
proteome and blubber GR, FKBP5, and KLF9 expression dynamics in response to HPA axis
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challenges in NES. Taken together my findings show that measuring markers beyond cortisol
provides more information about sensitivity to stress and the functional consequences of stress
responses and may be used to identify animals that have recently experienced repeated stress
responses.
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CHAPTER 2: PLASMA PROTEOME RESPONSES TO REPEATED STRESS

Introduction
The mammalian stress response is mediated by the hypothalamic-pituitary-adrenal, or
HPA axis. Corticotropin-releasing hormone (CRH) released by the hypothalamus stimulates the
anterior pituitary gland to release ACTH, which induces the adrenal glands to release cortisol,
which has long been considered to be the main stress hormone (Romero, 2004; Thau et al.,
2022). Cortisol exerts its effects by binding to intracellular GR in adipose tissue, liver, muscle,
and immune cells, among other target tissues, and altering expression of target genes. Cortisol is
transported by corticosteroid-binding globulin (CBG) in the circulation. Only free cortisol that
dissociates from CBG can enter cells, bind to the GR, and affect gene expression. Cortisol has
catabolic effects on metabolism as it stimulates lipolysis, gluconeogenesis, and proteolysis and
inhibits immune system activity and reproductive function (Elenkov et al., 1999; Ortiz et al.,
2001; Peck et al., 2016).
Many stress studies in marine and other wild mammals have focused on glucocorticoids
(i.e., cortisol) and their role in acute stress responses (Champagne et al., 2015; Ensminger et al.,
2014; Keogh & Atkinson, 2015; Khudyakov et al., 2017). However, a recent experiment
stimulated repeated stress in juvenile NES by administering ACTH once daily for 4 days
(McCormley et al., 2018). Juvenile (1-2 year old) seals were used in this experiment because
this age class hauls out for a short period of time in the fall, during which time baseline cortisol
levels do not change (Jelincic et al., 2017; Kelso et al., 2012). This removes any confounding
factors caused by life-history stages such as breeding or molting, during which cortisol is
elevated. In this experiment, cortisol responses to ACTH were variable but not significantly
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different between days 1 and 4, suggesting that cortisol may not be a reliable indicator of
repeated stress (McCormley et al., 2018).
These results highlight the necessity of identifying other markers that may be able to
distinguish responses to single versus repeated stressors, including those that are downstream of
cortisol and thus provide more information about its effects. For example, changes in the
blubber transcriptome and proteome in response to this experiment have been reported
(Deyarmin et al., 2020; Deyarmin et al., 2019), and work is underway to analyze effects on the
plasma metabolome and lipidome. However, the blubber proteome reflects the function of only
one of the many target tissues of cortisol, and only a small number of proteins was significantly
altered by this experiment. Therefore, I examined the plasma proteome response to ACTH given
that plasma reflects the metabolic activity of the whole organism, including that of other cortisol
target tissues, such as the liver (which is difficult to sample in these animals) and the immune
system. The plasma proteome may provide potential insights into regulation of the metabolome
and lipidome, e.g. via changes in abundance of adipose-derived hormones (adipokines),
metabolic enzymes, or metabolite transport proteins in response to ACTH. In this project, I
profiled the plasma proteome response to the repeated ACTH experiment, comparing protein
abundance between pre- and post-ACTH samples from days 1 and 4. My hypothesis was that
the plasma proteomes would differ between days 1 and 4 of the experiment, enabling us to
distinguish responses to single versus repeated stress.
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Materials and Methods
Sample Collection
A repeated ACTH administration experiment was conducted in 2016 at Año Nuevo State
Park (San Mateo County, CA, USA) using juvenile seals, as described in McCormley et al.
(2018). Seals were chemically immobilized using an intramuscular injection of ~1mg/kg
tiletamine–zolazepam HCl, and sedation was maintained with intravenous doses of ketamine and
diazepam. After the collection of baseline blood and tissue samples, 20 units of a synthetic
ACTH preparation (mean mass-specific dose: 0.17 +/- 0.02 U/kg) were administered via
intramuscular injection into the posterior flank of each animal once daily for four consecutive
days (~24 hours apart) to simulate repeated stress (McCormley et al., 2018).
Serial blood samples were collected pre-ACTH (0 h, T0) and post-ACTH (4 h and 8 h
after ACTH administration, T4 and T8) on Days 1 and 4 (D1, D4) and pre-ACTH on Day 2 (22 h
after the first ACTH administration, D2T0) to assess the effects of repeated ACTH
administration on blood plasma proteomes. For this study, I used plasma samples from 4
animals (male seal 2 and 4; female seals 6 and 7) described in McCormley et al. (2018).
Samples were obtained from the extradural vein using an 18 G, 3.25-inch spinal needle within
18.0 ± 5.5 minutes of initial sedation. Samples were drawn directly into chilled EDTA-treated
vacutainer tubes. Blood samples were stored on ice in a field cooler for 1 – 3 hours until
processing. Plasma was isolated by centrifugation at 3,000 x g for 15 min, kept frozen on dry ice
until return to the laboratory, and stored at -80°C until further analysis. The seals were marked
with rear flipper tags for identification.
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Protein Sample Preparation for Mass Spectrometry
•

All chemicals and reagents were obtained from VWR and Fisher Scientific (USA), unless
otherwise indicated.
I first tested four different plasma protein sample preparation methods (labeled A-D) to

determine denaturation and alkylation conditions that produced the largest number of identified
peptides. Our lab has previously used 8 M urea and 10 mM dithiothreitol (DTT) for
solubilization and denaturation of protein pellets remaining after RNA extraction from blubber
tissue and iodoacetamide (IAA) for protein alkylation (Deyarmin et al., 2020; Khudyakov et al.,
2018). However, recent studies have shown that urea, DTT, and IAA lead to protein
modifications during sample preparation that may reduce peptide and protein identification
efficiency (Müller & Winter, 2017; Proc et al., 2010; Wojdyla & Rogowska-Wrzesinska, 2015).
Instead, it has been suggested that denaturation with sodium deoxycholate (SDC) and tris(2carboxyethyl)phosphine (TCEP) and alkylation with chloroacetamide (CAA) may increase
protein identification (León et al., 2013; Scheerlinck et al., 2015). Plasma samples were
obtained from two juvenile female seals sampled at baseline during a different study (Pujade
Busqueta et al., 2020). Denaturing buffer was added to 6 uL (300 ug) of each plasma sample to a
final volume of 100 uL. I tested several sample preparation protocols differing in the
composition of the denaturing buffer and alkylation reagent.
● Protocol A (urea/DTT/IAA) used a denaturing buffer composed of 8 M urea and 10 mM
dithiothreitol (DTT) in 50 mM ammonium bicarbonate (AmBiC). Samples were
incubated at 30°C for 1 hour. Proteins were alkylated with 20 mM iodoacetamide (IAA)
for 30 minutes in the dark at room temperature. Alkylation was quenched by the addition
of DTT to a final concentration of 10 mM.
● Protocol B (urea/TCEP/CAA) used a denaturing buffer solution composed of 8 M urea
and 5 mM TCEP in 50 mM AmBiC. Incubation was at 30°C for 1 hour. Proteins were
alkylated with 20 mM chloroacetamide (CAA) for 30 minutes in the dark at room
temperature and quenched with 5 mM TCEP.
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● For protocol C (SDC/DTT/IAA), the denaturing buffer was composed of 5% w/v SDC
and 10 mM DTT in 50 mM AmBiC. Incubation was at 60°C for 1 hour. Proteins were
alkylated with 20 mM IAA for 30 minutes in the dark at room temperature and quenched
with 10 mM DTT.
● For protocol D (SDC/TCEP/CAA), the denaturing buffer solution was composed of 5%
w/v SDC and 5 mM TCEP in 50 mM AmBiC. Incubation was at 60°C for 1 hour.
Proteins were alkylated with 20 mM CAA for 30 minutes in the dark at room temperature
and quenched with 5 mM TCEP.
Samples were diluted to reduce SDC concentration to 0.5% and protein concentration
was estimated using the Pierce BCA Protein Assay Kit (Thermo Scientific, USA). Proteins were
digested in solution using Trypsin Protease MS Grade (Thermo Scientific, USA) at a 1:50 ug
trypsin enzyme to protein ratio for 16 hours at 37°C. Trifluoroacetic acid (TFA) was added to a
final concentration of 1.0% v/v to acidify the digested peptides to pH <2 to inactivate trypsin and
precipitate SDC. The SDC precipitate was removed by centrifugation (14,000g for 10 min at
4°C) and extraction of the supernatant.
Digested peptides were lyophilized, resuspended in 300 uL of 0.1% TFA, and desalted
using Pierce Peptide Desalting Spin Columns following the manufacturer’s protocol (Thermo
Scientific, USA). Eluted desalted peptides were lyophilized and resuspended in 0.1% formic
acid in LC-MS grade water. The Pierce Quantitative Colorimetric Peptide Assay (Thermo
Scientific, USA) was used for final peptide quantification. Samples were assayed in duplicate
(mean CV = 2.93%) and Prism 9 (GraphPad, USA) was used to interpolate the standard curve
(R2=0.999, second-order polynomial fit). Samples were diluted to a final concentration of 200
ng/uL prior to sequencing. After confirming that it resulted in the highest number of identified
peptides (see Results), Protocol D was used for plasma samples to examine the effects of ACTH
administration.
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LC-MS/MS
The purified peptides were analyzed by label-free quantification (LFQ) using highperformance liquid chromatography and tandem mass spectrometry (HPLC-MS/MS). Three
injections (three technical replicates) were used for each sample. For each run, 5 μL of the
sample was loop injected onto a reversed-phase trap column (Acclaim PepMap 100 C18 LC
column; 75 μm i.d. x 2 cm, 3μm particle size, 100 A pore size, Thermo Fisher Scientific, USA)
by a Dionex Ultimate 3000 autosampler. Peptides were eluted onto a reversed-phase analytical
column set at 35°C for HPLC (EASY-SprayTM C18 LC column; 75 μm i.d. × 15 cm, 100 A,
Thermo Fisher Scientific, USA). Solvent A was water and B was acetonitrile (ACN),
respectively (both with 0.1% formic acid). During each chromatographic run, which lasted 140
min, flow rates were held at 300 nl/min. Solvent B (ACN) was used as follows: 2% at 5 min,
2%–22% at 75 min, 22%–38% at 100 min, 38%–95% at 105 min, 95% returning to 2% at 115
min, and lastly maintained at 2% at 140 min.
Mass spectrometry analysis was performed using Orbitrap FusionTM TribridTM mass
spectrometer equipped with an EASY-SprayTM ion source (Thermo Fisher Scientific, USA)
operated by Xcalibur 4.0 software (Thermo Fisher Scientific, USA). The samples were run
using orbitrap-orbitrap and orbitrap-ion trap methods. MS1 spectra were resolved by the orbitrap
with a resolution of 120,000, scan range of 200-1400 m/z, RF lens of 60%, AGC target of 1.0e6,
and max injection time of 50 ms. Precursor ions were isolated by quadrupole and fragmented
using HCD with a collision energy of 28% ± 3%. MS2 product ions were either resolved by the
orbitrap (resolution of 30,000, AGC target of 5.0e5, first mass of 100 m/z, and max injection
time of 150 ms) or ion trap (resolution of 30,000, AGC target of 5.0e5, first mass of 100 m/z,
max injection time of 80 ms).
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Data and Statistical Analyses
MS/MS data analyses were conducted using the MaxQuant v1.6.14.0 computational
platform (Tyanova et al., 2016). Peptides and proteins were identified using the UniProt
SwissProt Mammalia database containing 67,420 proteins (Taxa ID: 40674, downloaded on
October 5, 2021) and quantified using the MaxLFQ algorithm. Default settings were used for
most parameters, with the exception of 3 maximum missed trypsin cleavages and 3 maximum
modifications per peptide. Oxidation (M) and acetyl (Protein N-term) were selected as variable
modifications and carbamidomethylation (C) was selected as a fixed modification. The “match
between runs” option was used to align the replicates during the run using default alignment
settings. Differential protein abundance analyses were conducted using the LIMMA v3.50.0
package (Ritchie et al., 2015) in R v4.1.0. Missing protein abundance values were imputed (one
missing value allowed per sample group) using the nni function in the pcaMethods package
(Stacklies et al., 2007; Välikangas et al., 2018). Differential abundance analyses were conducted
in LIMMA with blocking by individual to account for repeated sampling (model design =
~Subject + Timepoint); p-values were adjusted for multiple hypothesis testing using BenjaminiHochberg correction. Principal component analysis (PCA) was performed to reduce the
dimensionality of the data using JMP v16.0 (SAS, Cary, NC).
Results
Optimization of Plasma Protein Sample Preparation for LC-MS/MS
I tested four protein denaturation and alkylation protocols (A-D; see Methods for details)
for blood plasma to optimize peptide identification by HPLC-MS/MS. Of the four methods
tested, protocol D provided the largest number of identified peptide sequences (1617 and 1465
peptide sequences for the two samples tested) (Fig. 1), although the differences in peptide
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numbers between the four protocols were not statistically significant (p > 0.05). However,
protocol D was chosen for subsequent sample preparation as it used the fewest processing steps,
making it more technically reproducible.

Figure 1. Peptide sequences identified in plasma samples prepared using four different sample
preparation protocols. Colors denote the animals from which plasma was obtained. Letters
denote different protocols used for processing the samples (see text above for further details.)
The number of identified peptides did not significantly differ between protocols (LMM, p=
0.38).

Figure 2. Overview of experimental timeline. ACTH was administered once daily. Red boxes
indicate timepoints at which the plasma samples used were collected.
Figure was modified from McCormley et al., 2018.
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Blood Plasma Response to Repeated ACTH Administration
I profiled the proteome in 28 samples collected throughout the repeated ACTH
experiment from 4 seals (seal 2, seal 4, seal 6, and seal 7). For each seal, samples compared
were collected on days 1 and 4 at 0 h (baseline), 4h, and 8 h; and on day 2 at 0 h (baseline) (Fig.
2). The total number of plasma proteins (with one or more unique peptides) identified by
MaxQuant was 245. Of these, 159 proteins, which had no more than one missing value per
sample group, were selected for differential abundance analysis. A total of 11 comparisons were
conducted to assess the effects of the first and fourth ACTH administration on the plasma
proteome and the differences in responses between days (note: D denotes the day of the
experiment and T denotes the time point in hours post-ACTH):
● D1T0 versus D1T4: Day 1 4-hour ACTH response. I compared baseline samples with 4hour post-ACTH samples from day 1, when cortisol levels were significantly elevated
(McCormley et al., 2018), to capture the acute response to the first ACTH challenge.
● D1T4 versus D1T8: Day 1 ACTH early recovery. I compared samples collected 4 hours
post-ACTH, when cortisol levels were elevated, and 8 hours post-ACTH, when cortisol
levels were decreasing back toward baseline from day 1, to capture the early recovery
from the first ACTH challenge.
● D1T0 versus D1T8: : Day 1 8-hour ACTH response. I compared baseline samples with 8hour post-ACTH samples from day 1, to capture both the response to and recovery from
the first ACTH challenge.
● D1T0 versus D2T0: Day 1 ACTH late recovery. I compared baseline samples from Day 1
with samples collected 24 hours after the first ACTH administration (just prior to the
second ACTH challenge) on day 2, when cortisol levels returned to baseline. This
comparison served to identify any changes in the proteome that may indicate that an
animal recently experienced one HPA axis challenge, despite baseline cortisol levels.
● D4T0 versus D4T4: Day 4 4-hour ACTH response. I compared baseline samples with 4hour post-ACTH samples from day 1, when cortisol levels were significantly elevated
(McCormley et al., 2018), to capture the acute response to the fourth ACTH challenge.
● D4T4 versus D4T8: Day 4 ACTH early recovery. I compared samples collected 4 hours
post-ACTH, when cortisol levels were elevated, and 8 hours post-ACTH, when cortisol
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levels were decreasing back toward baseline from day 4, to capture the early recovery
from the fourth ACTH challenge.
● D4T0 versus D4T8: Day 1 8-hour ACTH response. I compared baseline samples with 8hour post-ACTH samples from day 1, to capture both the response to and recovery from
the fourth ACTH challenge.
● D1T0 versus D4T8: Overall repeated ACTH response. I compared the baseline sample
collected on day 1 before the first ACTH challenge and the last sample collected 8 hours
after the fourth ACTH challenge.
● D1T0 versus D4T0: Pre-ACTH comparison. I contrasted pre-ACTH samples from day 1
with those from day 4 to identify changes in the proteome that may indicate that an
animal recently experienced 4 HPA axis challenges, despite baseline cortisol levels.
● D1T4 versus D4T4: 4-hour ACTH response comparison. I contrasted samples collected 4
hours after ACTH administration on days 1 and 4, when cortisol levels were elevated, to
distinguish animals responding to single vs repeated HPA axis challenges.
● D1T8 versus D4T8: 8-hour ACTH recovery comparison. I contrasted samples collected 8
hours after ACTH administration on days 1 and 4, when cortisol levels were decreasing
toward baseline, to distinguish animals recovering from single vs repeated HPA axis
challenges.
Not all comparisons produced differentially abundant proteins (DAPs).
DAPs (adj. p < 0.1) were identified in four of the comparisons, which are shown in Table 1.

Table 1.
Differentially Abundant Proteins Identified in Each Time Comparison
Time Comparison

DAPs

Overall ACTH response: D1T0 versus D4T8

42

Pre-ACTH comparison: D1T0 versus D4T0

9

4-hour ACTH response comparison: D1T4 versus D4T4

16

8- hour ACTH recovery comparison: D1T8 versus D4T8

17
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Forty-two plasma proteins were differentially abundant between the baseline sample from
day 1 and the 8-h post-ACTH sample on day 4 (Fig. 3). Proteins identified in the overall
response to repeated ACTH administration were associated with cortisol transport, adipogenesis,
oxidative stress, blood pressure regulation, lipid transport, vitamin and mineral transport, innate
immunity, and blood coagulation, among other functions (Table 2).
I then compared the pre-ACTH (0 h) samples from day 1 versus those from day 4. Our
lab previously showed that cortisol levels returned to baseline 24 hours after each ACTH
administration, and were not different in pre-ACTH samples from days 1 and 4 (McCormley et
al., 2018). However, nine plasma proteins were differentially abundant between these conditions
(Fig. 4). Apolipoproteins, which are involved in lipid transport, decreased in abundance on day
4 relative to day 1. On the other hand, proteins involved in the innate immune response, blood
pressure regulation, and iron homeostasis increased in abundance on day 4 compared to day 1
(Table 2).
Lastly, I compared samples collected 4 and 8 h after ACTH administration on days 1 and
4 to determine whether the plasma proteome response to ACTH differs between single versus
repeated challenges. Some notable functions of 16 DAPs identified in the 4-hour post-ACTH
comparison (Fig. 5, Table 2) included iron homeostasis, thyroid hormone transport, and the acute
phase response. The 17 DAPs found in the 8-hour post-ACTH comparison were associated with
lipid transport, antioxidant function, acute phase response, and blood coagulation (Fig. 6, Table
2).
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Figure 3. Heatmap of differentially abundant proteins in the overall response to ACTH.
Heatmap displaying log2-transformed and scaled abundance of plasma proteins (rows) in
juvenile elephant seals (n = 4) sampled before (day 1 pre-ACTH, D1T0) and after a repeated
ACTH administration experiment (D4T8, or 8 h after the fourth ACTH challenge on day 4).
Rows were hierarchically clustered by Euclidean distance. Proteins with lower and higher
relative abundance are shown in blue and yellow, respectively.
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Figure 4. Heatmap of differentially abundant proteins in the pre-ACTH comparison. Heatmap
displaying log2-transformed and scaled abundance of plasma proteins (rows) in juvenile elephant
seals (n = 4) sampled before the first ACTH administration on day 1 (D1T0) and day 4 (D4T0, or
24 h after the third ACTH challenge). Rows were hierarchically clustered by Euclidean distance.
Proteins with lower and higher relative abundance are shown in blue and yellow, respectively.
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Figure 5. Heatmap of differentially abundant proteins in the 4-hour ACTH response
comparison. Heatmap displaying log2-transformed and scaled abundance of plasma proteins
(rows) in juvenile elephant seals (n = 4) sampled 4 h after the first (day 1 4 h post-ACTH, or
D1T4) and fourth (day 4 4 h post-ACTH, or D4T4) ACTH challenge. Rows were hierarchically
clustered by Euclidean distance. Proteins with lower and higher relative abundance are shown in
blue and yellow, respectively.
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Figure 6. Heatmap of differentially abundant proteins in the 8-hour ACTH recovery
comparison. Heatmap displaying log2-transformed and scaled abundance of plasma proteins
(rows) in juvenile elephant seals (n = 4) sampled 8 h after the first (D1T8) and fourth (D4T8)
ACTH challenge. Rows were hierarchically clustered by Euclidean distance. Proteins with
lower and higher relative abundance are shown in blue and yellow, respectively.

31
Table 2.
Differentially Abundant Plasma Proteins Identified in the Four Comparisons. Proteins that
decreased in abundance are shown in blue and those that increased in abundance in yellow.
Plasma Proteins Abundance Changes
Overall comparison, D4T8 vs D1T0
Gene
Symbol

Uniprot
Accession

Protein ID

Adjusted Log Fold
P Value
Change

General Functions

AGT

P20757

Angiotensinogen

9.27E-05

0.88

Blood pressure
regulation

FGG

Q8VCM7

Fibrinogen gamma
chain

9.88E-02

0.85

Wound repairblood coagulation

APMAP

Q3T0E5

Adipocyte plasma
membraneassociated protein

2.28E-02

0.84

Adipocyte
differentiation

HP

P19006

Haptoglobin

7.85E-06

0.83

Hepatic iron
recycling and
antioxidant

HP

P19007

Haptoglobin

2.28E-02

0.78

Hepatic iron
recycling and
antioxidant

APOM

Q2LE37

Apolipoprotein M

7.54E-02

0.77

Lipid mobilization

F9

P19540

Coagulation factor
IX

5.56E-02

0.62

Blood coagulation

PLG

P20918

Plasminogen

7.19E-03

0.60

Blood coagulation

C5

P01031

Complement C5

7.19E-03

0.59

Innate immunity

HP

Q62558

Haptoglobin

4.49E-02

0.58

Hepatic iron
recycling and
antioxidant

C3

P12387

Complement C3

8.66E-05

0.53

Innate immunity

C8G

P07360

Complement
component C8
gamma chain

1.78E-02

0.51

Innate immunity
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PLG

P00747

Plasminogen

7.19E-03

0.51

Blood coagulation

HGFAC

Q04756

Hepatocyte growth
factor activator

8.11E-02

0.49

Serine proteasetissue regeneration

THBS1

P35441

Thrombospondin-1

9.99E-02

0.48

Blood coagulation

FGA

Q7M3I7

Fibrinogen alpha
chain

7.24E-02

0.47

Blood coagulation

SERPINF1

Q95121

Pigment
epithelium-derived
factor

7.24E-02

0.46

Angiogenesis
inhibition

CFB

Q864W0

Complement factor
B

5.67E-02

0.45

Innate immunity

CFB

P04186

Complement factor
B

2.03E-02

0.44

Innate immunity

FGB

Q8K0E8

Fibrinogen beta
chain

8.23E-02

0.44

Blood coagulation

SERPINF1

P36955

Pigment
epithelium-derived
factor

9.19E-02

0.42

Angiogenesis
inhibition

FGB

P02675

Fibrinogen beta
chain

1.28E-02

0.42

Blood coagulation

C3

P01025

Complement C3

1.28E-02

0.40

Innate immunity

Serpina6
(CBG)

B2D1U1

Corticosteroidbinding globulin

7.24E-02

0.40

Cortisol transport

C3

Q2UVX4

Complement C3

3.46E-04

0.39

Innate immunity

HABP2

Q14520

Hyaluronan-binding 7.24E-02
protein 2

0.36

Serine protease- cell
proliferation

C4

P08649

Complement C4

7.3E-02

0.35

Innate immunity

XDH

P47989

Xanthine
dehydrogenase

9.93E-02

0.34

Oxidative stress

FGG

P02679

Fibrinogen gamma
chain

7.67E-02

0.34

Blood coagulation
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GC

P53789

Vitamin D-binding
protein

7.24E-02

0.34

Vitamin D and fatty
acid transport

FGA

P02671

Fibrinogen alpha
chain

7.02E-02

0.32

Blood coagulation

GC

P02774

Vitamin D-binding
protein

7.24E-02

0.32

Vitamin D and fatty
acid transport

PROC

Q28412

Vitamin K9.93E-02
dependent protein C

0.31

Serine proteaseblood coagulation

C4A

P0C0L4

Complement C4-A

7.54E-02

0.30

Innate immunity

SERPINC1

P41361

Antithrombin-III

7.24E-02

0.28

Blood coagulation

CP

Q61147

Ceruloplasmin

9.89E-02

0.26

Iron transport

AFM

G3MYZ3

Afamin

7.54E-02

0.26

Vitamin E transport

A2M

Q5R4N8

Alpha-2macroglobulin

9.93E-02

-0.24

Inflammation/ acute
phase response

APOB

P04114

Apolipoprotein B100

9.09E-02

-0.47

Lipid transport

HBB

P15166

Hemoglobin
subunit beta

7.24E-02

-0.62

Oxygen transport

HBA

P15163

Hemoglobin
subunit alpha-1/2

2.09E-02

-0.96

Oxygen transport

APOA4

P0DTS1

Apolipoprotein AIV

2.03E-02

-1.11

Lipid transport

Pre-ACTH comparison, D4T0 vs D1T0
HP

P19007

Haptoglobin

9.02E-03

0.97

Hepatic iron
recycling and
antioxidant

AGT

P20757

Angiotensinogen

5.44E-04

0.80

Blood pressure
regulation

HP

P19006

Haptoglobin

2.75E-05

0.77

Hepatic iron
recycling and
antioxidant
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HP

Q62558

Haptoglobin

8.45E-02

0.58

Hepatic iron
recycling and
antioxidant

C5

P01031

Complement C5

3.00E-02

0.50

Innate immunity

C3

P12387

Complement C3

5.62E-03

0.38

Innate immunity

C3

Q2UVX4

Complement C3

9.02E-03

0.29

Innate immunity

APOB

Q7TMA5

Apolipoprotein B100

2.92E-02

-0.99

Lipid transport

APOA4

P0DTS1

Apolipoprotein AIV

2.32E-02

-1.17

Lipid transport

4-hour ACTH response comparison, D4T4 vs D1T4
HP

Q62558

Haptoglobin

6.15E-03

0.84

Hepatic iron
recycling and
antioxidant

HP

P19007

Haptoglobin

3.05E-02

0.81

Hepatic iron
recycling and
antioxidant

HP

P19006

Haptoglobin

5.17E-05

0.75

Hepatic iron
recycling and
antioxidant

APMAP

Q3T0E5

Adipocyte plasma
membraneassociated protein

9.59E-02

0.70

Adipocyte
differentiation

AGT

P20757

Angiotensinogen

4.03E-03

0.69

Blood pressure
regulation

ALB

P49065

Albumin

5.34E-02

0.68

Mineral transport

C5

P01031

Complement C5

4.22E-03

0.66

Innate immunity

ITIH4

P79263

Inter-alpha-trypsin
inhibitor heavy
chain H4

5.34E-02

0.59

Acute phase
response

HPX

Q5R543

Hemopexin

7.78E-03

0.53

Iron homeostasis
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PLG

P00747

Plasminogen

3.09E-02

0.42

Blood coagulation

PLG

P80009

Plasminogen

5.34E-02

0.38

Blood coagulation

C3

P01025

Complement C3

7.61E-02

0.31

Innate immunity

C3

Q2UVX4

Complement C3

2.76E-02

0.25

Innate immunity

TTR

P02766

Transthyretin

3.73E-02

-0.58

transports thyroid
hormone
(thyroxine)

HBA

P15163

Hemoglobin
subunit alpha-1/2

9.59E-02

-0.76

Oxygen transport

APOA4

P0DTS1

Apolipoprotein AIV

1.57E-02

-1.22

Lipid transport

8-hour ACTH response comparison, D4T8 vs D1T8
HP

P19007

Haptoglobin

4.40E-03

1.11

Hepatic iron
recycling and
antioxidant

APOM

Q2LE37

Apolipoprotein M

2.46E-02

1.03

Lipid mobilization

APMAP

Q3T0E5

Adipocyte plasma
membraneassociated protein

1.14E-02

0.96

Adipocyte
differentiation

HP

P19006

Haptoglobin

2.14E-04

0.68

Hepatic iron
recycling and
antioxidant

HP

Q62558

Haptoglobin

2.73E-02

0.64

Hepatic iron
recycling and
antioxidant

AGT

P20757

Angiotensinogen

6.66E-03

0.61

Blood pressure
regulation

C5

P01031

Complement C5

1.14E-02

0.55

Innate immunity

HABP2

Q14520

Hyaluronan-binding 1.14E-02
protein 2

0.50

Serine protease- cell
proliferation

PLG

P20918

Plasminogen

0.43

Blood coagulation

6.61E-02
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C3

P01025

Complement C3

1.14E-02

0.41

Innate immunity

FGB

P02675

Fibrinogen beta
chain

3.10E-02

0.37

Blood coagulation

C3

P12387

Complement C3

6.66E-03

0.36

Innate immunity

C3

Q2UVX4

Complement C3

6.66E-03

0.31

Innate immunity

A2M

Q5R4N8

Alpha-2macroglobulin

9.44E-02

-0.28

Inflammation/ acute
phase response

VWF

P04275

von Willebrand
factor

8.32E-02

-0.50

Wound repair/blood
coagulation

A1M

Q63041

Alpha-1macroglobulin

4.48E-02

-0.66

Antioxidant

APOA4

P0DTS1

Apolipoprotein AIV

1.19E-02

-1.19

Lipid transport

Association between Plasma Markers and Cortisol Levels
I used pairwise correlation to explore relationships between log2-transformed abundances
of 7 candidate plasma markers identified in this study (AGT, APMAP, XDH, CBG, APOM,
APOB-100, and A2M) and serum cortisol levels. These markers were selected based on their
significant increase in abundance in response to the ACTH experiment and their known
functions. Three of the candidate markers (APMAP, XDH, and APOM) were significantly
correlated with log cortisol and with each other (p< 0.05). I then used PCA to reduce
dimensionality and describe abundance of these markers. APMAP, XDH, and APOM all loaded
on principal component 1 (PC1) with loading values > 0.5 (APMAP = 0.89, XDH = 0.76, APOM
= 0.69). PC1 explained 61.3% of the variance in the data and had an eigenvalue was 1.84; other
PCs had eigenvalues < 1. PC1 was extracted and correlated with cortisol levels. I found that
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PC1 expression was predictive of cortisol levels (F1,27 = 9.51, p = 0.0048; log cortisol = 6.68 +
0.36*PC1, R2 = 0.27; Fig. 7), suggesting that plasma levels of APMAP, XDH, and APOM may
be novel markers that reflect stress hormone levels in NES.

Figure 7. Relationship between log-transformed cortisol and principal component 1 (PC1).
Described plasma abundances of APMAP, XDH, and APOM. PC1 abundance predicted cortisol
levels (F1,27 = 9.51, p = 0.0048; log cortisol = 6.68 + 0.36*PC1, R2 = 0.27).

Discussion
Our objective was to identify changes in the plasma proteome in response to repeated
stress induced by ACTH administration and, furthermore, to identify new stress markers. I were
able to successfully identify 52 proteins in the proteome of plasma sampled during the repeated
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ACTH experiment. Moreover, I identified protein abundance changes over the 4 days of the
experiment, as well between responses to the first and fourth ACTH challenge, which the
magnitude of cortisol levels alone did not demonstrate (McCormley et al., 2018). These proteins
were broadly associated with metabolic functions. Several of the markers were predictive of
cortisol levels, suggesting that they are potential alternative markers to stress hormones.
I made 11 total comparisons between the juvenile NES plasma samples, of which only 4
comparisons (D1T0 vs D4T8, D1T0 vs D4T0, D1T4 vs D4T4, and D1T8 vs D4T8) identified
DAPs between conditions. To determine the overall plasma proteome response to the repeated
ACTH experiment, I compared the baseline sample collected on day 1 before the first ACTH
challenge and the last sample collected 8 hours after the fourth ACTH challenge. I found that
while the responses of the animals to the experiment were quite variable between individuals, a
cluster of proteins increased in abundance in response to ACTH, suggesting that they are
potential markers of animals experiencing acute and repeated stress.
Proteins identified in the overall response to repeated ACTH administration were
associated with cortisol transport (CBG), adipogenesis [adipocyte plasma membrane-associated
protein (APMAP)], oxidative stress [xanthine dehydrogenase (XDH)], blood pressure regulation
[angiotensinogen (AGT)], lipid transport [apolipoprotein A-IV (APOA4), apolipoprotein B100
(APOB-100), and apolipoprotein M (APOM)], vitamin and mineral transport [afamin (AFM),
haptoglobin (HP), and ceruloplasmin (CP)], innate immunity [alpha-2-macroglobulin (A2M),
vitamin D-binding protein (GC), complement C3 (C3), and complement C5 (C5)], and blood
coagulation [vitamin K-dependent protein C (PROC), hyaluronan-binding protein 2 (HABP2),
fibrinogen alpha chain (FGA), plasminogen (PLG), thrombospondin-1(THBS 1), and
antithrombin-III (SERPINC1)]. One protein of interest that increased in abundance in response
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to repeated ACTH was CBG, which transports cortisol in the circulation. Since cortisol that is
bound to CBG is unable to enter cells, high CBG levels may impair the ability of cortisol to exert
its downstream effects throughout the organism (Henley et al., 2016). Therefore, an increase in
CBG may indicate a potential buffering of the effects of prolonged cortisol elevation. This could
be an adaptive negative feedback mechanism to mediate the potentially deleterious effects of
repeated stress, such as neuronal alterations in the brain, energy depletion, immunosuppression,
decreased cardiovascular function, and reproductive potential (Romero et al., 2009).
Other proteins of interest that increased in abundance in response to repeated ACTH
administration included XDH, AFM, HP, APMAP, APOM, and AGT. XDH is an isoform of
xanthine oxidoreductase that is only present in mammals. XDH is an enzyme protein that is
involved in the breakdown of purines and can produce reactive oxygen species as a byproduct
(Battelli et al., 2016). In past studies, prolonged exposure to elevated cortisol levels has been
shown to cause an increase in reactive oxygen species (ROS) at the cellular level and increased
oxidative stress in rats (Colaianna et al., 2013). The increase in XDH in response to repeated
ACTH administration suggests a potential oxidative cost of repeated stress. Alternatively, it may
reflect an increased need for purine recycling to support the high energetic demands of repeated
physiological stress responses (Soñanez-Organis et al., 2012). More research involving direct
measurement of oxidative stress markers is needed to confirm the hypothesis that repeated stress
increases oxidative load and that XDH could be a potential indicator of oxidative stress.
Additionally, an increase in abundance of proteins involved in lipid and vitamin transport
indicates other potential consequences and/or requirements of repeated stress responses. These
proteins included AFM, a carrier of the antioxidant vitamin E, and HP, an iron-scavenging
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protein which has antioxidant properties. This suggests potential adaptive responses to repeated
stress in a diving- and fasting-adapted mammal that is highly resistant to oxidative damage.
APMAP is a protein produced by adipocytes that is involved in adipogenesis (BognerStrauss et al., 2010), which is stimulated by cortisol in other mammals. The increased
abundance of APMAP was consistent with blubber transcriptome and proteome data from the
same animals. Multiple genes and proteins associated with adipogenesis were shown to be
upregulated in response to repeated stress in blubber tissue (Deyarmin et al., 2019; Deyarmin et
al., 2020). Adipogenesis is the process by which precursor pre-adipocytes into mature
adipocytes, also referred to as hyperplasia. In humans, increasing the number of functional
adipocytes by adipogenesis is correlated with better metabolic health (Ghaben & Scherer, 2019).
In NES, an increase in the number of mature, functional adipocytes that are capable of
responding to hormone signals may increase the capacity for lipid mobilization by lipolysis, a
catabolic process which increases in response to elevated cortisol and fasting in seals (Crocker et
al., 2014; Khudyakov et al., 2022). An increase in lipolysis in response to ACTH was also
evidenced by an increase in abundance of APOM, a component of mature high-density
lipoproteins (HDL), which are thought to be produced in part by the lipolysis of triglyceride-rich
very low density lipoproteins (VLDL) (Huang et al., 2015). Lipolysis of triglycerides yields
glycerol and free fatty acids which can in turn be used for energy by the organism.
In contrast to APOM, which increased in abundance, the apolipoproteins APOA4, a
marker of triglyceride levels along with APOB-100, both decreased in abundance on day 4
relative to day 1 of the repeated ACTH administration experiment. APOB-100 and APOA4 are
both involved in absorption, exogenous lipid uptake, and endogenous lipid transport. More
specifically, they are used in lipid absorption by the digestive tract (Wang et al., 2015; Wang et
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al., 2019). APOB-100 is also a component of VLDL, which transport fat from the liver to
adipose tissue for storage, and low-density lipoproteins (LDL), which transport cholesterol
throughout the body (Frayn & Evans, 2019), including to steroidogenic tissues such as the
adrenal gland. Their decrease suggests a downregulation of digestive system activity and lipid
synthesis during stress as well as fasting, as the animals do not eat while they are hauled out on
land. A decrease in APOB-100 abundance in response to repeated stress may lead to a decrease
in cholesterol transport to the adrenal glands and a reduction in cortisol synthesis, impacting an
animal’s ability to respond to subsequent stressors (Hoekstra et al., 2010).
AGT is involved in regulation of blood pressure and osmolarity as the inactive precursor
of the renin-angiotensin-aldosterone system (RAAS), and is also upregulated by cortisol in other
species (Skov et al., 2014). Mammals undergo cardiovascular and endocrine function changes
including vasoconstriction while diving (McCulloch et al., 2010; Panneton, 2013). Alterations to
their finely tuned mammalian dive reflex could impact the ability of a marine mammal to dive
normally. An increase in abundance of AGT under conditions that activate RAAS may cause an
increase in angiotensin II, which has vasoconstricting and hypertensive effects and stimulates the
adrenal glands to synthesize aldosterone. This may contribute to the dramatic increase in
aldosterone, noted in response to repeated ACTH administration in these animals (McCormley et
al., 2018; Ortiz et al., 2006). Additionally, angiotensin II has been reported to generate reactive
oxygen species (ROS), which has been shown to cause oxidative stress and eventual kidney
damage and failure in pigs (Welch, 2008). This suggests another potential mechanism by which
repeated stress may increase oxidative load.
While cortisol is known for its anti-inflammatory effects, several proteins involved in the
innate immune response increased in abundance in our experiment, while abundance of the anti-
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inflammatory protein A2M decreased. This could be an artifact of the repeated sampling
experiment, which included blubber biopsy, but a similar effect has been shown in fish in
response to long-term cortisol treatment (Raposo de Magalhães et al., 2020). A2M is an
antiprotease involved in the acute phase response of the innate immune system, among multiple
other functions (Rehman et al., 2013). Specifically, A2M is involved in the defense against
invading microorganisms by augmenting phagocytosis and bacterial killing by neutrophils
(Vandooren & Itoh, 2021). A decrease in abundance of A2M could potentially indicate a
suppression of immune function in seals experiencing repeated stress. Further research is needed
to determine whether repeated stress alters immune function in NES. For instance, cytokines and
antibodies, which indicate activation of innate and adaptive immune responses, respectively,
could be measured during an ACTH administration experiment to give more direct insight into
how immune markers are changing in response to repeated stress. Potential immune markers to
measure include the cytokines IL-1b and IL-6 and antibodies IgG and IgM, which were all
previously shown to be altered during breeding haul-outs involving fasting in NES (Peck et al.,
2016).
The pre-ACTH comparison contrasted samples collected just prior to ACTH
administration on the first and last day of the experiment. Cortisol levels did not vary between
these timepoints, despite the fact that seals were recovering from three previous ACTH
challenges during the latter. This comparison identified 9 differently abundant proteins, of
which two had multiple isoforms and 6 were unique. These included APOA4, APOB-100, C3,
C5, AGT, and HP, most of which were also identified in the overall ACTH response comparison.
I saw an increase in the abundance of complement proteins C3 and C5 on day 4 relative to day 1,
which are involved in the innate immune system defense against harmful pathogens (Merle et al.,
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2015). Haptoglobin (HP), which was also increased on day 4 relative to day 1, is involved in the
hepatic recycling of iron and has been shown to have antioxidant and anti-inflammatory
functions. HP increases in response to inflammation and trauma and is upregulated by cortisol in
other mammals (Thomton & Mellish, 2007). An increase in abundance of complement proteins
and the anti-inflammatory HP protein may reflect a response to repeated blood and blubber
sampling during this experiment. Regardless, the changes in the abundance of the proteins
identified in this comparison may indicate that an animal has recently experienced repeated HPA
axis activation, which is not detectable by cortisol measurements alone.
Lastly, the ACTH response comparison contrasted the 4-hour post- ACTH samples from
days 1 and 4 and the ACTH recovery comparison contrasted the 8-hour post-ACTH samples
from days 1 and 4. These were used to compare differences between animals responding to and
recovering from the first and fourth ACTH challenges. The 4-hour ACTH response comparison
identified 16 DAPs, of which three had multiple isoforms and 12 were unique. These included
HP, APMAP, AGT, albumin (ALB), C3, C5, PLG, APOA4, hemoglobin (HBA), hemopexin
(HPX), inter-alpha-trypsin inhibitor heavy chain H4 (ITIH4), and transthyretin (TTR). All of
these proteins increased in abundance with the exception of APOA4 and TTR, which decreased
in abundance on day 4 relative to day 1. HPX and ITIH4 are acute phase proteins (Kashyap et
al., 2009). HPX also has antioxidant properties and plays a role in iron homeostasis (Tolosano &
Altruda, 2002). HPX and ITIH4 were both found to be significantly upregulated in the kidneys
of mice undergoing induced sepsis, a type of physiological stress (Róka et al., 2019). An
increase in their abundance on day 4 relative to day 1 may reflect a response to repeated
sampling or an adaptive response to repeated stress; it is difficult at the present to distinguish
these possibilities because negative controls (i.e., seals that were injected with saline instead of
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ACTH and sampled similarly to ACTH-injected animals) were not used in this experiment. TTR
functions in transporting the thyroid hormone thyroxine (Liz et al., 2020). Decreased abundance
of TTR is consistent with the decrease in total thyroid hormone levels in response to ACTH
previously reported in these animals (McCormley et al., 2018). DAPs found in the ACTH
recovery comparison were associated with lipid transport, antioxidant function, acute phase
response, and blood coagulation, and included many of the same proteins identified in the other
comparisons, including the ACTH response comparison.
The 8-hour ACTH recovery comparison is novel as our previous blubber transcriptome
and proteome analyses used samples collected 4 h, rather than 8 h after ACTH administration.
Therefore, this comparison examines delayed responses to and recovery from stress. This ACTH
response comparison identified 17 DAPs, of which two had multiple isoforms and 13 were
unique. These included most of the same DAPs identified in the other comparisons with the
exception of alpha-1-macroglobulin (A1M) and von Willebrand factor (VWF), which both
decreased in abundance on day 4 relative to day 1. A1M is known to have antioxidant properties
and is upregulated in response to reactive oxygen species and free hemoglobin in other mammals
(Bergwik et al., 2021; Kristiansson et al., 2020). VWF is involved in blood coagulation and
platelet adhesion to vascular injury sites (Okhota et al., 2020). Although changes in A1M and
VWF abundance were detected, more research is needed to determine whether these changes
reflect a response to HPA axis activation, tissue injury during sampling, or both. Overall, I
found several markers that distinguish animals experiencing and recovering from single versus
repeated HPA axis activation, which cannot be distinguished by cortisol levels alone, such as,
CBG, TTR, XDH, APOA-4, APOB-100, AGT, APMAP, and HP.
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These research findings showed that the plasma proteome was able to distinguish
between NES responses to a single versus multiple ACTH challenges. Taken together, these
findings suggest that repeated physiological stress may have an effect on lipid, iron, and redox
homeostasis, cortisol and thyroid hormone transport, and innate immunity. Alterations in the
abundance of antioxidants and proteins related to oxidative stress suggest a potential oxidative
stress cost of repeated responses to HPA axis stimulation. In addition, these data provide
insights into the effectiveness of using plasma proteomics and the benefits of the use of multiple,
different types of markers to measure stress responses in animals. For instance, while changes in
CBG levels in response to ACTH were not detected using other biochemical methods
(McCormley and Champagne, unpublished observation), the highly sensitive LC-MS/MS
approach used in this study showed that CBG levels increased in response to the ACTH
experiment. This reinforces the importance and value of using biomarkers other than cortisol
and the utility of plasma proteomics to interpret the stress response in wildlife.
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CHAPTER 3: EXPRESSION OF GLUCOCORTICOID RECEPTOR AND ASSOCIATED
GENES IN RESPONSE TO ACTH ADMINISTRATION IN MOLTING SEALS

Introduction
Resilience is the capacity to adjust to and recover from challenges or disturbances. More
specifically, stress resilience is the ability of an animal to recover from stress exposure or to
employ coping mechanisms to maintain internal balance while in the presence of an ongoing
stressor (Zimmer et al., 2020). In nature, animals need to modify their resilience to stress during
important life-history stages such as reproduction, to maximize fitness.
NES are an example of animals whose resilience is pivotal during their life-history
stages. NES spend most of the year out in the ocean during foraging trips lasting up to 10
months, only coming ashore at coastal rookeries to rest, and for two life-history stages: molting
and reproduction. Baseline cortisol levels increase over the fasting periods associated with
molting and breeding in adult NES (Ortiz et al., 2001; Viscarra et al., 2011). Cortisol is a known
stimulator of lipolysis (Macfarlane et al., 2008), and fasting seals have high rates of fat
catabolism, which is known to provide energy to support the energy-expensive processes of
molting and reproduction while fasting (Crocker, et al., 2014). However, cortisol elevation in
response to stress during fasting may lead to depletion of lipid stores, thereby hindering the
completion of life-history stages, such as reproduction. Therefore, I hypothesized that NES use
negative feedback mechanisms to protect tissues such as adipose from the effects of stressinduced cortisol exposure during these crucial life-history stages.
Cortisol is a steroid hormone that is the main glucocorticoid hormone in non-rodent
mammals. It can readily diffuse across cellular membranes to exert its biological effects. GR is
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an intracellular receptor that binds free cortisol (once dissociated from CBG) and translocates to
the nucleus, where it functions as a transcription factor by binding to glucocorticoid-responsive
elements (GREs) in promoters of target genes and altering their expression (Vandevyver et al.,
2014). Two target genes that are upregulated by GR, FKBP5 and KLF9, encode proteins that
may function to regulate its activity. FKBP5 has been characterized as an inhibitor of GR
function by previous studies. High levels of FKBP5 form a negative feedback loop that
increases GR resistance by reducing glucocorticoid binding affinity and preventing the GR
complex from moving into the nucleus (Zimmer et al., 2020). On the other hand, a previous
study in zebrafish brain showed that KLF9 may enhance GR activity (Gans et al., 2020; Gans et
al., 2021), pointing to a possible inverse relationship with FKBP5. GR expression is also
downregulated by cortisol-bound GR protein, suggesting that these three genes may serve to
modulate cortisol sensitivity at the target tissue level.
Given their important roles in modulating stress responses, I decided to examine changes
in expression of GR, FKBP5, and KLF9 during acute stress responses in NES sampled at
different points in one of their life-history stages involving fasting. I measured gene expression
in the inner layer of blubber, given that it is a key cortisol target and the main energy-storing
tissue in marine mammals (Khudyakov et al., 2017; Lee et al., 2014). Blubber is a fatty
subcutaneous adipose tissue unique to marine mammals which serves as an energy source and a
thermal insulator, among many other complex functions. Mammalian adipose tissue has
endocrine functions that help modulate metabolism, and blubber may have similar activities
(Kershaw et al., 2018). Blubber content and thickness varies with seasonal changes. For
instance, the body fat of NES can range between 50% to less than 20%, depending on the season.
These changes in blubber can affect important biological functions such as energy storage,
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thermoregulation, and buoyancy during their different life-history stages involving fasting, such
as lactation, breeding, and molting (Castellini, 2018). Therefore, I hypothesized that NES may
use negative feedback mechanisms to regulate blubber sensitivity to cortisol, potentially in order
to limit its lipolytic effects, in response to stress challenges during fasting.
An acute stress response was stimulated by administering ACTH to adult female NES
early and late in their 4-week fasting period associated with molting. I then evaluated
subsequent changes in serum cortisol levels and expression of GR, FKBP5, and KLF9 in inner
blubber using reverse transcription and quantitative PCR (RT-qPCR). I compared cortisol levels
and gene expression in samples collected before (baseline, or 0 hours) and 2 and 24 hours after
ACTH administration, as well as between animals sampled early and late in the molt to
determine if sensitivity to ACTH differed over fasting.
I predicted that cortisol levels would rise within 2 hours and return back to baseline
within 24 hours of ACTH administration, as shown in our previous studies (Khudyakov et al.,
2017; McCormley et al., 2018). I also predicted that baseline, stress-induced (2-hour), and
recovery (24-hour) cortisol levels would be higher in late compared to early molt, as has been
shown in molting juvenile seals (Champagne et al., 2015). I hypothesized that if there was
evidence for negative feedback in response to ACTH, FKBP5 expression would increase while
KLF9 and GR expression would decrease after ACTH administration. I also hypothesized that
negative feedback would be more robust at late molt compared to early molt due to higher
baseline cortisol levels at that stage.
I found significant changes in blubber FKBP5, GR, and KLF9 expression in response to
ACTH administration that did not differ between early and late molt, suggesting that the capacity
of blubber to buffer against acute cortisol elevation is sustained throughout molting. Our work
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contributes to our understanding of the capacity of animals to modulate responses to acute stress
at the tissue level and their capacity for survival, adaptability, and resilience in response to both
anthropogenic and environmental disturbances.
Materials and Methods
Adult female northern elephant seals were sampled at Año Nuevo State Reserve (San
Mateo County, CA). Two independent cohorts of females (n = 4 each) were sampled at the
beginning and end of their fasting period associated with molting (May-June 2020 and 2021),
determined as <10% and >90% visibly molted pelage, respectively. Animals were marked with
flipper tags and hair dye (Lady Clairol) to facilitate identification. All animal handling
procedures were approved by Sonoma State University Institutional Animal Care and Use
Committee and were conducted under National Marine Fisheries Service marine mammal permit
19108.
ACTH Administration and Sample Collection
Study animals were chemically immobilized by intramuscular injection of Telazol
(tiletamine/zolazepam HCl, Fort Dodge Animal Health, Fort Dodge, IA) at a dosage of ∼1
mg/kg and maintained with ∼100 mg bolus intravenous injections of ketamine as previously
described (Fowler et al., 2016). Blood samples were collected via an 18-gauge 3.5-inch needle
from the extradural vein and stored on ice until return to the laboratory. Blubber samples were
collected from the posterior flank of each animal using a 6.0-mm diameter biopsy punch (Miltex,
Plainsboro, NJ), separated into inner (closest to muscle) and outer (closest to the skin) portions,
frozen on dry ice, and stored at −80°C (Khudyakov et al., 2019).
After baseline sampling, each animal received an intramuscular injection of 30 U
corticotropin LA gel (Wedgewood Pharmacy, USA). Sedation was maintained and a second set
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of blood and blubber samples were collected 2 hours after administration to capture the response
to ACTH. Animals were weighed, marked, and released to resume normal activity as described
previously (Khudyakov et al., 2017). Females were sedated again the following day and a third
set of blood and tissue samples was collected ~24 hours after ACTH administration.
Cortisol Measurements
Blood samples were processed as described in Chapter 2 to extract serum. Cortisol was
measured in serum samples in duplicate using a radio-immunoassay at Sonoma State University
(MP Biomedicals, Burlingame, CA, USA), as described previously (McCormley et al., 2018).
RNA Isolation
Inner blubber samples (48-90 mg) were minced into a paste on dry ice and homogenized
in bead tubes with 1000 uL Qiazol (Qiagen, USA) in two 2-min cycles at 50 Hz on the
TissueLyser LT (Qiagen, USA) followed by two 2-min cycles at power 12 on the Bullet Blender
bead beater (Next Advance, Inc., USA). Genomic DNA was sheared using a 20-G needle and
syringe. RNA was isolated from blubber homogenates using the RNeasy Lipid Mini Kit
(Qiagen, USA) with an on-column DNase I digest for 15 minutes at room temperature according
to the manufacturer's protocol. RNA samples were quantified with RNA High Sensitivity Assay
on the Qubit 2.0 Fluorometer (Thermo Scientific, USA).
Quantitative Real Time (RT-qPCR)
Complementary DNA (cDNA) was synthesized from 500 ng of total RNA using
SuperScript IV VILO Master Mix with ezDNase digestion (Thermo Fisher, USA). cDNA
samples were diluted 1:10 and 2 μL were used in each 20 μL real-time PCR (qPCR) reaction, in
triplicate, with PowerUp SYBR-Green Master Mix (Thermo Fisher, USA). qPCR was
performed on a QuantStudio 5 Real-Time PCR System instrument (Thermo Fisher, USA) using
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the following program: 2 min at 50°C, 2 min at 95°C, followed by 40 cycles of 15 s at 95°C and
60 s at 60°C.
Primers for FKBP5, KLF9, and GR genes were designed using NES blubber
transcriptome sequences as described previously (Pujade Busqueta, et al., 2020). Primer
sequence specificity was confirmed in silico by BlastN against the RefSeq database. All primers
were used at 400 nM final concentration. Primer specificity was confirmed by melt curve
analysis, indicated by the presence of a single peak produced by dissociation of the qPCR
amplicon. The potential for primer-dimers was assessed using a no-template control. Absence
of genomic DNA was confirmed using minus RT controls. Two genes, YWHAZ and NONO,
were used as reference genes as described previously (Pujade Busqueta et al., 2020). Relative
gene expression values (delta Ct, or dCt) were obtained by normalizing the cycle threshold (Ct)
of the gene of interest by the geometric mean of the Ct of the two reference genes (Equation 1)
(Huggett et al., 2005; Schmittgen & Livak, 2008).

dCt = Ct (mean reference) – Ct (GOI)

Equation 1: Mathematical equation of the delta Ct method used to normalize qPCR data. Ct:
cycle threshold; mean reference: geometric mean of YWHAZ and NONO Cts; GOI: gene of
interest.
Statistical Analyses
Data analyses were conducted using JMP v16.0 (SAS, Cary, NC). Linear mixed models
(LMM) were used to analyze the association of cortisol and gene expression levels with molting
stage (early, late) and time after ACTH administration (0, 2, 24 h). Molt and time were used as
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fixed effects and animal ID as a random effect. Variables that were not significantly associated
with hormone or gene expression levels were removed from the models. Model residuals were
assessed for normality and homoscedasticity. Cortisol was log-transformed to meet model
assumptions. Student's t-test was used to determine differences in markers between experimental
time points.
Results
Cortisol levels were significantly altered by ACTH administration (LMM; F2,14 = 24.12,
p < 0.0001; Fig. 8). Cortisol levels were 2.04-fold higher at baseline (t ratio = 3.73, p = 0.0097)
and 1.44-fold higher 2 hours post-ACTH (t ratio = 3.21, p = 0.0184) in animals sampled during
late molt compared to early molt. Early molt female NES cortisol levels increased 11.18-fold
while the late molt females experienced a 7.91-fold increase from baseline to 2 hours postACTH. Molt stage did not affect cortisol levels at 24 hours (p > 0.05). Cortisol was elevated
10.4-fold from baseline 2 hours after ACTH administration (p < 0.0001), and decreased 0.66fold between 2 and 24 hours post-ACTH (p= 0.0114). However, cortisol levels at 24 hours
remained elevated 6.91-fold from baseline (p= 0.0013).
ACTH administration resulted in decreased mRNA expression of GR (LMM; F2,14 =
12.63, p = 0.0007; Fig. 9). Molt stage did not affect GR expression (p > 0.05). GR expression
did not change between baseline and 2 hours post-ACTH (p > 0.05), and decreased 0.73-fold
between 2 and 24 hours (p = 0.0006). GR expression levels 24 hours after ACTH administration
were 0.72-fold lower than baseline (p = 0.0007).
FKBP5 expression was significantly altered by ACTH administration (LMM; F2,14 =
42.24 , p < 0.0001; Fig. 10). Molt stage did not affect FKBP5 expression (p > 0.05). FKBP5
was elevated 2.55-fold from baseline 2 hours after ACTH administration (p = 0.0069) and
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elevated a further 4.10-fold between 2 and 24 hours post-ACTH (p < 0.0001). FKBP5 levels at
24 hours were elevated 9.86-fold relative to baseline (p < 0.0001).
KLF9 expression was significantly altered by ACTH administration (LMM; F2,14 = 7.95,
p = 0.0049; Fig. 11). Molt stage did not affect KLF9 expression (p > 0.05). KLF9 was elevated
1.50-fold from baseline 2 hours after ACTH administration (p = 0.011) and 1.66-fold from
baseline at 24 hours (p= 0.0019). However, KFL9 expression did not differ between 2 and 24
hours post-ACTH (p = 0.39).

Figure 8. Cortisol response to ACTH administration in molting seals. Serum cortisol levels in
adult female northern elephant seals (n = 8) measured immediately before (0 h) and 2 and 24 h
after ACTH administration. Colors denote animals that were sampled early (gold, n = 4) and late
(blue, n = 4) during the molting fast. Letters denote significant differences between time points,
while asterisks denote significant differences between early and late molt groups (LMM
followed by Student’s t-test, p < 0.05).
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Figure 9. Blubber GR expression response to ACTH administration in molting seals.
Normalized expression (dCt) of GR in blubber of adult female northern elephant seals (n = 8)
before (0 h) and 2 and 24 h after ACTH administration. GR expression did not differ between
animals sampled early and late in the molt (p > 0.05). Letters denote significant differences
between time points (LMM followed by Student’s t-test, p < 0.05).
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Figure 10. Blubber FKBP5 expression in response to ACTH administration in molting seals.
Normalized expression (dCt) of the FKBP5 gene in blubber of adult female northern elephant
seals (n = 8) before (0 h) and 2 and 24 h after ACTH administration. FKBP5 expression did not
differ between animals sampled early and late in the molt (p > 0.05). Letters denote significant
differences between time points (LMM followed by Student’s t-test, p < 0.05).
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Figure 11. Blubber KLF9 expression response to ACTH administration in molting seals.
Normalized expression (dCt) of the KLF9 gene in blubber of adult female northern elephant
seals (n = 8) before (0 h) and 2 and 24 h after ACTH administration. KLF9 expression did not
differ between animals sampled early and late in the molt (p > 0.05). Letters denote significant
differences between time points (LMM followed by Student’s t-test, p < 0.05).

Discussion
Cortisol levels and HPA axis reactivity fluctuate with the life-history stages in many freeliving vertebrate species as the magnitude of glucocorticoid concentrations can change
depending on the time of year (Romero, 2002). Our main objective was to determine if the
response to stress and tissue sensitivity to stress hormones changes with life-history stage in a
marine mammal. Acute physiological stress was stimulated in NES using ACTH administration,
and examined its effects on gene expression in blubber (specifically inner blubber, which is more
vascularized than outer blubber and thus predicted to be more responsive to hormones). ACTH
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challenges were conducted in NES during annual molting, a process by which they replace skin
and pelage within the span of 3-4 weeks while fasting. Baseline cortisol levels increase over this
haul out (Ortiz et al., 2001; Viscarra et al., 2011), so I determined whether the cortisol and gene
expression responses to ACTH were different between early and late molt.
I found that cortisol levels did not return to baseline 24 hours after ACTH administration
in the adult female NES, unlike non-molting juvenile seals in which cortisol levels measured 24
hours post-ACTH are indistinguishable from baseline (McCormley et al., 2018). Male adult
NES, on the other hand, have a higher total cortisol response to ACTH during breeding
compared to molting and have been found to sustain elevated cortisol levels for up to 48 hours in
response to ACTH administration during the early breeding season. The reduced response to
ACTH and more robust negative feedback during molting suggest temporary strong regulation of
cortisol during molt in adult males (Ensminger et al., 2014). These distinctions in stress
responses in molting adult female NES compared to molting adult male NES and non-molting
juveniles are evidence of fluctuations in cortisol sensitivity and reactivity during different lifehistory stages.
In adult female NES, I found that cortisol levels were higher at baseline and 2 hours postACTH in late molt compared to early molt. Early molt female NES experienced a higher
magnitude of increase in cortisol levels from baseline to 2 hours post-ACTH than late molt.
Seals sampled during late molt have been fasting for 4 weeks compared to early molt seals.
Given that cortisol stimulates lipolysis (Macfarlane et al., 2008), and that late molt seals have
lower fat stores than early molt seals, limiting the response to ACTH during late molt may
enable seals to complete this life history stage without depleting their fat stores completely. An
inability to complete life-history stage processes could be detrimental to NES because it would
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decrease their fitness. For this reason, negative feedback may be necessary to buffer tissues from
prolonged cortisol elevation in response to stress during fasting.
I found that blubber mRNA levels of GR decreased 24 hours post-ACTH, while blubber
expression of FKBP5 increased, suggesting negative feedback at the tissue level despite cortisol
levels remaining elevated for 24 hours after ACTH administration. This is consistent with
previous work in non-molting juvenile NES, which showed that FKBP5 was upregulated in
blubber in response to both acute and repeated ACTH administration (Deyarmin et al., 2019;
Khudyakov et al., 2017). Upregulation of FKBP5 may help to moderate the effects of prolonged
cortisol elevation in blubber, as FKBP5 has GR-inhibiting activity which prevents cortisol bound
to the GR complex from translocating into the nucleus to exert its downstream effects in tissues.
Another study found a relationship between FKBP5 expression in the hypothalamus and HPA
flexibility in adult house sparrows in response to stress (Zimmer et al., 2021). These and our
findings suggest that FKBP5 could have a role in stress coping mechanisms such as negative
feedback in response to both natural and anthropogenic stress. Therefore, FKBP5 expression
may serve as a marker of stress sensitivity and reactivity in marine mammals.
While I hypothesized that KLF9 expression in blubber would decrease in response to
ACTH administration as it has been shown to be a positive regulator of GR activity in other
species, I found that it was upregulated in molting adult female NES. However, KLF9 was also
upregulated in muscle tissue 24 hours after ACTH administration in non-molting juvenile seals
(Khudyakov et al., 2015). KLF9 is involved in adipogenesis (Pei et al., 2011), which is
stimulated by cortisol (Lee et al., 2014). An increase in abundance of plasma proteins associated
with adipogenesis was likewise seen in response to repeated ACTH administration in juvenile
seals, as discussed in Chapter 2. Additionally, KLF9 may have other functions that are involved
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in responses to stress. For instance, a study in mice suggested that KLF9 is induced in response
to oxidative stress and that it enhances the accumulation of reactive oxygen species (ROS)
(Zucker et al., 2014). In Chapter 2, I showed that repeated ACTH administration caused an
increase in abundance of XDH, a protein that is also implicated in oxidative stress. (CantuMedellin & Kelley, 2013). The animals’ response to physiological stress may cause alterations
in redox homeostasis as one of its consequences, but additional research measuring markers of
oxidative stress would be needed to determine this. Given the findings, I propose that KLF9
could be an important regulator of adipogenesis in response to acute stress, potentially in order to
increase the availability of mature adipocytes capable of lipid mobilization that would provide
energy substrates required to sustain prolonged fasting in marine mammals, including NES.
In summary, the study suggests that negative feedback at the tissue level in response to
acute HPA axis stimulation in NES may serve to reduce sensitivity to cortisol during key lifehistory stages requiring fasting. GR downregulation in response to ACTH may lead to a
decrease in the synthesis of new receptors, while FKBP5 upregulation may serve to inhibit
existing GR protein. In contrast, upregulation of KLF9 in blubber in response to acute stress
could aid in providing energy from lipid stores by inducing adipogenesis, rather than altering
tissue sensitivity to cortisol as has been shown in brain of zebrafish (Zimmer et al., 2021).
Overall, these data provide insights into the resilience of marine mammals to acute stress during
life-history stages that require prolonged fasting.
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CHAPTER 4: CONCLUSIONS AND FUTURE DIRECTIONS

In the first part of the study, I used a highly sensitive proteomics approach to detect
changes in circulating plasma proteins in response to repeated stress. The proteomics analysis
suggests that repeated HPA axis activation in a marine mammal impacts the abundance of blood
plasma proteins associated with lipid, iron, and redox homeostasis, cortisol and thyroid hormone
transport, adipogenesis, oxidative stress, blood pressure regulation, vitamin and mineral
transport, and innate immunity. This data demonstrates that repeated stress leads to alterations in
the expression of multiple biomolecules beyond glucocorticoids. Therefore, it’s suggested that
several DAPs such as APOM, APOA-4, APOB-100, CBG, TTR, APMAP, XDH, and AGT
among others could be considered in future studies as potential biomarkers of repeated stress, in
addition to glucocorticoids.
I then took a targeted approach to examine the impacts of acute stress on expression of
genes associated with sensitivity to cortisol and negative feedback in blubber. The blubber RTqPCR findings show that the response to stress and tissue sensitivity to stress hormones does
change with life-history stage in marine mammals, but that negative feedback mechanisms are
sustained over prolonged fasting periods associated with elevated cortisol and lipid mobilization.
Possible limitations of the plasma proteome study could be the small sample size,
individual animal variability, and short duration of the experiment which could have decreased
the sensitivity for identification and reduced magnitude of observed changes in response to
stress. A longer experimental setup (> 4 days) could potentially replicate a repeated or chronic
stress response in a more biologically relevant manner. Another possible limitation of the
repeated ACTH administration experiment was repeated blood and tissue sampling, which could
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cause local tissue inflammation and activate innate immune responses independently of cortisol
induced by ACTH. A limitation of the blubber gene expression study could be the fact that 2
independent cohorts of adult female NES were sampled, which may have reduced sensitivity for
detecting true differences between early molt and late molt seals. To increase statistical power,
this experiment could be done with an increased sample size and the same set of seals sampled
during the early and late molt stages.
Future research could involve the integration of plasma proteome data from the repeated
ACTH administration experiment with other existing datasets from the same animals, including
transcriptome, lipidome, and metabolome data, in order to compile a comprehensive databank
describing the NES response to stress. To verify hypotheses generated by the plasma proteome
data about the effects of stress on immune function and redox homeostasis, immune and
oxidative stress markers should be measured. In addition, the effects of acute and repeated stress
on gene expression and protein abundance in other target tissues of cortisol, such as muscle
tissue, could be examined to compare findings with blubber and plasma.
Despite these limitations, taken together, these data show the advantages of implementing
techniques that identify alterations in gene expression and proteomes of marine mammals in
response to stress. For instance, I were able to identify novel biomarkers which could be used to
inform our understanding of the impacts of stress beyond glucocorticoids on marine mammal
physiology. Furthermore, I confirmed that protective negative feedback mechanisms are
activated rapidly in response to acute stress during prolonged fasting periods associated with
crucial life-history stages in marine mammals.
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